We compared six 3D methods, OptoGait, and Myotest Run for the determination of contact time for runners with different foot strike patterns. Twenty male participants were divided into two groups: the heel group, who attack the ground with the heel (n = 12), and the toe group, who attack the ground with the middle/front of the foot (n = 8). They performed trials at speeds of 8 km/h then 16 km/h. To detect foot strike, the use of peak velocity of 3D markers located on the heel, the fifth metatarsal, and the great toe provided the best results for both groups. To detect the toe off, the minimum vertical position of a 3D marker placed in line with the great toe gave the most satisfactory results for both groups. In this way, the values of contact time measured with the 3D methods are consistent.
Introduction


Evaluating performance is a necessary step in the research of excellence in sports, especially in running. This requires the establishment of a scientific and technological approach to follow an athlete and improve their level. Physiological laboratory tests are important in achieving this goal, but they do not provide information on the biomechanical characteristics of the athlete.
When mechanical parameters of running are measured, a critical component is the accurate estimation of foot strike and toe off to determine contact time. Force platforms allow this determination for a single event [1] . However, although highly expensive treadmills and long running tracks with force platforms already exist, if more than one event needs to be measured, it is necessary to use alternative methods of determining stride phase durations. In this way, new field tools based on optical detection (OptoGait) and accelerometer systems (Myotest Run) represent good alternatives that quickly provide feedback on running gait parameters [2] [3] [4] [5] . Indeed, these two tools are usually used for the measure of several parameters of the stride, including contact time [6] . However, they give less information about the foot strike patterns than specific laboratory tools because they do not allow how the foot attacks the ground (forefoot or rearfoot) to be analyzed.
In this context, 3D analysis represents a good way to analyze running movement [7] [8] . It provides the exact position in space at any time of each marker used and so of each segment studied. This tool is accurate and reliable, gives us information about movements and joints, and can highlight pathological movement [9] .
For 3D analysis in running, different methods for determining contact time (foot strike and toe off) can be used. Methods depend on the position of markers, but also on their velocity and acceleration. For example, there are methods which are based on the time that the distal heel marker reaches a minimum vertical position, and when the vertical velocity of this same marker changes from negative to positive. These methods are valid and reliable for determining foot strike [10] . Similarly, another method detects initial contact using the downward spike in the vertical velocity of a toe marker [11] . Toe off is detected using the rise in the vertical displacement of the toe marker, as well as the upward spike in the vertical velocity of this marker [11] . These different studies only use a population of heel strikers and do not consider the foot strike of their runners. However, high-level athletes have a higher proportion of forefoot strike [12] . Knowing that the 3D evaluation is intended for scientific research and high-level athletes, it is useful to compare methods for every type of foot strike.
Consequently, the purpose of this study was to compare the contact time measured by OptoGait (Microgate Corporation, Italy), Myotest Run (Myotest SA, Switzerland), and six 3D methods (Codamotion, Charnwood Dynamics Limited, UK) for different types of foot strike.
Methods
Subjects
Twenty healthy male runners were recruited from the local population. Subjects were regular runners who ran at least 50 kilometers each week. Subjects were free of chronic musculoskeletal pathologies and had no running related injury within the prior 6 months. The University of Liege School of Medicine Institutional Review Board approved the testing protocol and written informed consent was obtained from each subject before testing. Their physical characteristics are presented in Table 1 . The population was divided into two groups, heel strikers (n = 12) or forefoot strikers (n = 8). The final interpretation of the foot strike was left to the discretion of the investigator. To assist in this task, each participant was filmed (60 Hz) at 8 km/h and 16 km/h and reviewed in slow motion while running.
Protocol
The experiment was performed at the same time of day for each subject. The test consisted in analyzing the runner's foot strike. After five minutes of warm-up at 8 km/h, each participant performed three trials of 60 seconds at 8 km/h, followed by three trials of 60 seconds at 16 km/h. Recovery between each trial was three minutes to allow for full recovery. Inside the 60 second trials, a 30 second period of recording was carried out.
Regarding the protocol of the study, we had no choice but to separate it into two parts. We were well aware that the ideal experiment would be for the three measurement tools to operate at the same time. From a practical point of view, this was not possible because of interference occurring between the 3D system and OptoGait. However, results were not influenced by any means, giving the same speed of the treadmill as well as no fatigue being involved in the testing. The literature shows that for either sprinting [13] or distance running [14] , fatigue can increase contact time, and may induce a change in all general stride parameters. It has also been demonstrated that the more fatigue is accumulated, the more the runner attacks the ground with the heel [15] . This supports the reason for providing a long enough recovery to avoid any changes in stride purely due to fatigue. The level of the runners (MAS: 18.9 km/h) who participated in the study was an extra precaution to avoid fatigue after each trial at 16 km/h. Table 1 Anthropometrical and physiological variables from the 20 subjects (MAS = velocity at maximal oxygen consumption).
Age (years)
Height ( 
Measurements
During the recordings, in each trial and at each velocity, the contact time was measured using three systems: a 3D motion capture system, OptoGait, and Myotest Run.
The 3D system uses four optoelectronic cameras and six active markers (three on each foot). The acquisitions were made at 200 Hz. Markers used for the 3D analysis were disposed and held in position on both shoes (neutral Asics shoes (Asics Corporation, Japan) provided to all participants for the entire test) of the participants at the center of the heel (marker 1), the head of the fifth metatarsal (marker 2), and the great toe (marker 3).
Six gait event detection algorithms (methods M1 to M6) were applied to the raw data. They are based on the time difference between minimum displacement points or between peak velocities in the curves of different markers. Those notable points were a necessary step in order to have a chance computerize algorithms. To determine toe off, the minimum vertical displacement of the great toe marker was used. Because it represented the only possible automatic process to determine toe off, it was therefore used in all of the six methods. This specific toe off detection method was previously validated [11] . To determine foot strike, method M1 uses the minimum vertical displacement of the heel marker [16] . Method M2 uses the peak velocity of the heel marker to determine foot strike [10] . Method M3 uses only the great toe marker to determine both foot strike (peak velocity) and toe off (minimum vertical position) [11] . Method M4 is a new method using the minimum vertical position of the fifth metatarsal marker. Method M5 is also new and uses the peak velocity of the fifth metatarsal marker. Method M6 uses the peak velocity that would come first, of either the heel marker or the fifth metatarsal marker. In a sense, it combines method M2 and method M5 together.
Methods M4, M5, and M6 are new and specific to our laboratory of motion analysis. A summary of all methods can be seen in Table 2 .
Contact time for each of the six methods was simply assessed by calculating the time difference between toe off and foot strike. The different minimum vertical displacements can be seen in Fig. 1 , while the peak velocities can be seen in Fig. 2 (for a heel striker) and Myotest Run is a portable device that uses triaxial accelerometry to quantify different stride parameters including contact time [3, 5] . It was placed on the belt of the runner. Table 2 Summary of the six algorithms applied to the running data.
Method
Foot Strike Toe Off M1
Minimum vertical displacement of the heel marker [16] Minimum vertical displacement of the great toe marker [11] 
M2
Peak velocity of the heel marker [10] Minimum vertical displacement of the great toe marker [11] 
M3
Peak velocity of the great toe marker [11] Minimum vertical displacement of the great toe marker [11] M4 Minimum vertical position of the 5th metatarsal marker (specific to our laboratory) Minimum vertical displacement of the great toe marker [11] M5 Peak velocity of the 5th metatarsal marker (specific to our laboratory) Minimum vertical displacement of the great toe marker [11] M6 1st peak velocity between heel marker or 5th metatarsal marker (specific to our laboratory) Minimum vertical displacement of the great toe marker [11] 
Statistical Analysis
Each algorithm was compared with the other algorithms, the OptoGait results, and the Myotest Run results. They were expressed with descriptive statistics: means and standard deviations. Statistical analysis included an ANOVA for repeated measures, to compare the values of every method with the OptoGait and Myotest values. The statistical significance was set at P < 0.05. Beyond this value, the differences are considered to be non-significant.
Results
Firstly, the comparison of the six 3D methods used to calculate the contact time is presented in Table 3 . In the Heel group, the first of the four markers to record a peak velocity was the heel marker (M2) (Fig.   2 ). This was expected considering that the marker detecting foot strike is actually located at the heel. This method was already used and validated by Fellin et al. [10] in a population of heel strikers. M2 also gave values closest to the OptoGait values (235 ms (± 13) for M2 versus 226 ms (± 12) for the OptoGait at 16 km/h) compared to M3 and M5. We can therefore assume that method M2 would be the most appropriate method for measuring contact time for an athlete's heel striking.
In the toe group, we expected that when the runner arrived with the middle or forefoot on the ground, the fifth metatarsal marker would record the first peak velocity related to the foot strike. We observed that the first peak velocity recorded was detected by the marker located at the fifth metatarsal (M5) (Fig. 3) . M5 gave also values closest to the OptoGait values (215 ms (± 15) for the M5 versus 216 ms (± 17) for OptoGait at 16 km/h) compared to M2 and M3. Therefore, method M5 seems to be the most appropriate method for measuring the contact time for an athlete's forefoot striking.
It is also interesting to note that for both groups, method M3 presents no significant difference with the M2, M5, and OptoGait values. The marker placed on the great toe is the last to detect the peak velocity, meaning the values are slightly off, but it presents an advantage to use only one marker located at the great toe to calculate the contact time [11] .
We can also observe that whatever type of foot strike a runner has (rearfoot and forefoot runner), method M6, taking the first peak velocities between the heel marker and the fifth metatarsal marker to detect foot strike, seems interesting in some contexts. Indeed, this method would accurately measure the contact time without knowing the foot strike of the runner, or by issuing the hypothesis that the foot strike changes over time (during a long run or with the influence of fatigue, for example) [17] [18] [19] [20] . On the other hand, we observed a significant difference between the values of methods M1 and M4 and the values of methods M2, M3, M5, M6, OptoGait and Myotest for both groups of runners. This difference is easily explained given the curve of the heel marker and fifth metatarsal marker coming slowly to a minimum value in vertical displacement, well after the foot strike happened (Fig. 1) . The minimum displacement is offset from the time of arrival of the foot in contact with the ground, which invalidates methods M1 and M4 as precise methods for calculating contact time. The hypothesis of why the marker continues its vertical descent following foot strike could not only be from the slight shoe cushioning, but also and especially from the treadmill deformation caused by the subject progressive loading. This observation was confirmed when we put 3D markers on the treadmill for one of the tests. A drop of 2 cm on average was observed because of the treadmill deformation.
Among the different methods used in our work, the values measured by Myotest Run are inconsistent. This could be explained by the fact that Myotest Run determines the support time and not the contact time. The support time, called "effective contact time" by Cavagna et al. [21] is the time during which the force applied by the runner on the ground is higher or equal to its weight. This gives enormous differences ranging from 30%-40% at a speed of 16 km/h and even 40%-50% at a speed of 8km/h between Myotest Run and other methods.
Finally, 3D analysis is therefore, given its precision, an interesting stride analysis tool for athletes to analyze their performance. The measure of contact time is useful to guide and individualize training [22] . Beside contact time, the 3D tool provides additional biomechanical parameters, such as angulations between segments or asymmetry between the two legs.
The implications for the coach in search of a better technique or in injury prevention can therefore be appealing [23] . Furthermore, determining parameters such as contact time with 3D analysis is an essential step toward coupling studies of physiological parameters to biomechanical parameters such as the influence of fatigue on the parameters of stride [17] [18] [19] [20] .
Conclusion
In conclusion, contrary to our initial hypothesis, different methods are consistent for analyzing the contact time for different types of foot strike. Therefore, it is not essential to know or differentiate foot strike to measure contact time in running analysis. Indeed, methods using the minimum vertical position of a marker located near the great toe to detect toe off, and those using the peak negative velocity of 3D markers to detect foot strike can all be used to analyze contact time regardless of foot strike. These methods are methods M2, M3, M5, and M6. No significant difference was observed between the values measured by these methods at the studied speeds. The OptoGait values seem consistent at both speeds too, although this tool analyzes the contact time without giving information about foot strike. Finally, contact time measured by Myotest Run is underestimated because of the detection of foot strike and toe off.
